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l> ■ 

(<~^ ■ We study the coUider phenomenology of a Littlest Higgs model with T-parity. 

(N ! 

. , We first stress the important role of the T-odd SU{2) doublet fermions (introduced 

I to make the model T-parity invariant) in high energy scattering processes, such 

^ ' as (^(7 — > W^Wff where are the T-odd partners of VF-bosons. Because the 

, mass of the T-odd SU{2) doublet fermions cannot be too heavy to be consistent 

> : 

Q\ , with low energy data, they can be copiously produced at the CERN Large Hadron 

l> ■ 

T-H ' Collider (LHC). Therefore, we study the collider phenomenology of the model with 

a^ : 

■ emphasis on the contributions of the T-odd fermion to the production of the heavy 

i T-parity partners (either bosons or fermions) of the usual particles at the LHC. The 

Q^' production cross sections and the decay branching ratios of the new heavy particles 



Oh! 



X 



are classified and various experimental signatures are discussed. 



INTRODUCTION 



The standard model (SM) is an excellent low energy description of the elementary parti- 
cles. The absence of any significant deviations from the SM predictions on the electroweak 
precision measurements suggests that the cutoff scale of the SM, as a low energy effective 
theory, is as large as, or larger than, 10 TeV l|. However, having such a relatively high 
cutoff scale in the SM, the Higgs boson receives a large radiative correction to its mass pa- 
rameter and therefore, the SM requires unsatisfactory fine-tuning to yield a correct scale of 
the electroweak symmetry breaking. This fine-tuning problem of the Higgs mass parameter 
(known as the "Little hierarchy problem") has been one of the driving forces to consider 
physics beyond the SM. Moreover, a recent finding of the necessity of dark matter candidate 
also provides a strong motivation to seek for physics beyond the SM. 
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It has been shown recently that the collective symmetry breaking mechanism in the 
Little Higgs models can provide an interesting solution to the Little hierarchy problem 
and the Littlest Higgs (LH) [3|] model is the most economical Little Higgs model discussed 
in the literature. However, the original version of the LH model suffers from precision 
electroweak constrains ji] and the value of /, which characterizes the mass scale of new 
particles in the model, is forced to be larger than about 4 TeV. Since the cutoff scale 
of the model is about Anf, the fine tuning between the cutoff scale and the weak scale 
will be needed again for a too large value of /. The Littlest Higgs model with T-parity 

(LHT) 0, y, 0, u is one of the attractive Little Higgs models. It provides a possible dark 

matter candidate and furthermore, all dangerous tree-level contributions to low energy 
electroweak (EW) observables are forbidden by T-parity and hence the corrections to low 
energy EW observables are loop-suppressed and small. As a result, the relatively low new 
particle mass scale / is still allowed by data, e.g., / > 500 GeV 

The LHT predicts heavy T-odd gauge bosons which are T-parity partners of the SM gauge 
bosons. Moreover, in order to implement T-parity in the fermion sector, one introduces the 
heavy T-odd SU (2)-doublet fermions, which are T-parity partners of the SM SU (2)-doublet 
fermions and unique to Little Higgs models with T-parity. Therefore, having the relatively 
low new particle mass scale /, the CERN Large Hadron Collider (LHC) will have a great 
potential to directly produce the T-parity partners of the SM particles, and hence it is 
important to probe the LHT at the LHC. 

In previous works on studying the phenomenology of the LHT 6|, the effects of T-odd 
SU{2) doublet fermions were not included. A preliminary study on the phenomenology of 
these T-odd S'f/(2)-doublet fermions in the LHT was reported in Ref. 10|. Although, moti- 
vated by the dark matter consideration, Ref. [h] studied some interesting processes which 
include the effects of T-odd SU{2) doublet fermions, a complete study on the phenomenology 
of these T-odd fermions in the LHT has not yet been presented. 

In this paper, we first stress the important role of the T-odd fermions in high energy 
scattering processes relevant to the LHC, such as qq W^Wjj, where is the T-parity 
partner of ly-boson. We show that it is necessary to include the contribution from the 
t-channel process, via the exchange of these T-odd heavy fermions, to render its scattering 
amplitude with a good high energy behavior, so that its partial-wave amplitudes respect the 
unitarity condition. We also show that its numerical effect cannot be ignored for studying the 
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collider phenomenology at the LHC Furthermore, since the current experimental constraints 
of the four-fermion contact interactions place an upper bound on the T-odd SU (2) doublet 
fermion masses j?], we find not only that the T-odd fermion contribution to qq ^h^h 
quantitatively important, but also that the direct pair production rate of the T-odd fermions 
could be significant at the LHC. To illustrate this point, we classify all production processes 
of the new heavy particles predicted by the LHT, and calculate the corresponding production 
cross sections and decay branching ratios, including the effects induced by the T-odd SU{2) 
doublet fermions. The rest of this paper is organized as follows. In Sec. II, we briefly review 
the model we study here, a Littlest Higgs model with T-parity. In Sec. Ill, we discuss the 
high energy behavior of uu ^h^h process to illustrate the importance of the T-odd 
SU (2) doublet fermion contribution to high energy scattering processes, in order to restore 
the unitarity of partial wave amplitudes. In Sec. IV, we show our numerical results of the 
phenomenological study on the Littlest Higgs model with T-parity at the LHC energy. Our 
conclusion is given in Sec. V. 



II. A LITTLEST HIGGS MODEL WITH T-PARITY 

In this section, we briefly review the Littlest Higgs Model with T-parity studied in 
and present our notation of the model. The Littlest Higgs model is based on an SU{5) / 5*0(5) 
non-linear sigma model A vacuum expectation value (VEV) of an SU{5) symmetric 
tensor fleld (Sq) breaks the SU{5) to 5*0(5) at the scale / with 

/o 1 o\ 

1 

10 0. (1) 

1 
\0 1 0/ 

A subgroup [5f/(2)i x f/(l)i] x [SU{2)2 x f/(l)2] of the 5f/(5) is gauged, and at the scale / 
it is broken into the SM electroweak symmetry SU{2)l x U{1)y- The 14 Nambu-Goldstone 
bosons H° associated with the global symmetry breaking decompose under SU{2)l x f/(l)y 
as lo © 3o © 2i/2 © 3i and they are parametrized by the non-linear sigma model fleld 
S = ^^Sq as the fluctuations around the VEV in the broken directions, where ^ = e'^^"^"^^ 
and X"- are the generators of the broken symmetry. The components Iq and 3o in the 
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Nambu-Goldstone boson multiplet are eaten by the heavy gauge bosons associated with the 
gauge symmetry breaking. The SU{2) doublet 2i/2 is considered to be the Higgs doublet. 
The doublet 2i/2 and the triplet 3i Higgs bosons remain in the low energy effective theory, 
which are introduced through: 



02X2 $ 
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with H = 1 


h+iiT° 


and $ = 1 








\ V2 J 
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T2 



V2 



(2) 



where 02x2 is a two by two matrix with zero components and the superscript T denotes 
taking transpose. Here we only show the doublet Higgs iJ(2i/2), where vr"*" and vr^ are 
eaten by the SM W- and Z-bosons, respectively, and the triplet Higgs $(3i), which forms 



a symmetric tensor with components 0^^, 0^, 0° and 0^ 12|. Since the non-linear sigma 
model field S transforms as S — V"SV""^ under the SU{b) rotation V, its gauge-invariant 
kinetic term is given by 

P 



C 



-Tr(Z}^S)t(D^S), 



(3) 



where the covariant derivative for the [SU (2)i x f/(l)i] x [SU (2)2 x U{1)2\ gauge symmetry 
is defined as 



(4) 



A=l,2 



Here W^^ and {A = 1, 2) are gauge bosons, and and q'a are gauge couplings for 
SU{2)a and U{1)a gauge symmetries, respectively. They are related to the SM gauge 
couplings g for SU{2)l and g' for f/(l)y as 1/g^ = 1/gf + 1/g^ and 1/g'^ = + l/g'^^. 
The generators for SU{2)a (denoted as Qa) and for U{1)a (denoted as Ya) are explicitly 
expressed as 



^ ay2 O2 02x2^ 



oj oj 

02x2 O2 02x2 



Q2 



J 



^ 02x2 O2 02x2 ^ 

Oj oj 

02x2 O2 -a"72 j 



Yi = diag.(3, 3, -2, -2, -2)/10, Y2 = diag.(2, 2, 2, -3, -3)/10, 
where a"" is the Pauli matrix, O2 = (0, 0)^ and "diag." denotes a diagonal matrix. 



(5) 
(6) 
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A. Gauge boson sector 

T-parity [s], Q] is naturally introduced in this framework. It exchanges [SU{2)i x f/(l)i] 
and [SU{2)2 x f/(l)2] symmetries. For example, W^^ ^ and Bi^ ^ B2,_i under T-parity. 
The Lagrangian Eq. ([3]) is invariant under T-parity if gi = g2 and g[ = g'2 and S transforms 
as S ^ S = So^^S^i^So with VL = diag.(l, 1, — 1, 1, 1). Note that the doublet Higgs H 
(triplet Higgs $) is even (odd) under T-parity. The T-even combinations of the gauge fields 
are SM SU{2)i gauge bosons {W^) and U{1)y hypercharge gauge boson (-B^), defined as 

yi/<^ -\-W^ B +Bo 

= — - and = . The T-odd combinations are T-parity partners of the 

SM gauge bosons. After taking into account electroweak symmetry breaking, the masses of 
the T-parity partners of the photon (Ah), Z-boson {Zh) and ly-boson (Wh) are given by 



M - 



5v 



2 

SM 



8/ 



2 



+ 



fz^ - Mw^ = gf 



8/2 



+ 



(7) 



Here vsm is the electroweak breaking scale, vsm — 246 GeV, so that at tree level the 

/ 2i '2 

SM gauge boson masses can be expressed as My/ = ^vsm and Mz = 2^ '"sm for 
boson and Z-boson, respectively. Because of the smallness of g', the T-parity partner of 
the photon Afj tends to be the lightest T-odd particle in this framework. Since the lightest 
T-odd particle is stable, it can be an interesting dark matter candidate j^. 

Because of the T-parity, SM gauge bosons do not mix with the T-odd heavy gauge 
bosons even after the electroweak symmetry breaking. Consequently, the low energy EW 
observables are not modified at tree level. Since the new heavy T-odd particles always 
contribute to loops in pairs, the loop corrections to the EW observables are typically small. 
As a result, the new particle mass scale / can be as low as 500 GeV and hence, T-odd 
heavy gauge bosons can be copiously produced at the LHC. 



B. T-odd SU{2) doublet fermion sector 

To implement T-parity in the fermion sector^ one introduces two SU(2) fermion doublets 

n n Q 

qi [i = 1,2) for each SM fermion doublet [5|, 16|, LDj. Here qi are the doublet under SU{2)i 
{i = 1,2), and T-parity exchanges qi and q2- The T-even combination of q^ is the SM 
fermion doublet and the other T-odd combination is its T-parity partner. To generate 
a heavy mass for the T-odd fermion doublet, we introduce the following interaction, as 



suKKested in Ref. 

Baa 

= -k/(^'2^^c + ^iSoJ^^"^f^^c) + hermitian conjugate (h.c). (8) 

Here the fermion SU{2) doublets qi and q2 are embedded into incomplete SU{5) multiplets 
\E'i and \E'2 as \E'i = (gi, 0, and \E'2 = (O2, 0, q2)^, and the doublets qi and q2 are explicitly 
written as = —(72 = {idLA, —iuiA)^ with A = 1,2. Under the global SU{5), 

the multiplets \E'i and \E'2 transform as \E'i —>■ V*'$i and ^2 ^^2? where V is an SU{5) 
rotation matrix. A multiplet \E'c is also introduced as \E'c = {qc, Xc ^c)^, which transforms 
non- linearly under SU{5): \E'c — > U'^c where U is an unbroken SO (5) rotation matrix in 
non- linear representation of SU{5). The object ^ and the non-linear sigma model field 
S (= ^^Sq) transform like ^ V^W = UC,T,qV^T,q and S VT,V^ , respectively, under 
SU{5). T-parity transformation laws are defined as follows: ^1 ^ — So\E'2; "~^c; and 

^ — i> fi^"!"!]. Thus, gi ^ —q2 and S — S = Sof2E'''f2Eo under T-parity. One can verify that 
the interaction in Eq. (IHl) is invariant under T-parity. 

From the interaction in Eq. (IHl), one can see that the T-odd fermion doublet g_ = (gi -|- 
q2)/V2 = {idL_, —iuL^)'^ gets a Dirac mass, with gc = {idR_, —iuR_)^, as 



M,_ ~ V2Kf, M,_ ~ V2Kf (1-^ + ..^. (9) 

One may think that assuming a large k value, these T-odd fermions will decouple and 
hence we may ignore any effects induced by the T-odd SU{2) doublet fermions. However, 
as pointed out in Ref. [3], there is non-decoupling effect in some four- fermion operators 
whose coefficients become larger as the magnitude of k, increases. The constraint on the 
four-fermion contact interaction contributing to the e+e^ —>■ qq scattering sets an important 
upper bound on the T-odd fermion masses Mq_ as [7| 

TeV. (10) 
ITeVy ^ ^ 

Here we have assumed a universal k value to all T-odd fermion couplings generated by Eq. ([8]) 
Therefore, the effect of T-odd fermions to high energy collider phenomenology may not be 
negligible, and actually it is quantitatively important as we will discuss in later sections. 
The interaction terms in Eq. ([H]) in general contain flavor indices, and large flavor mixings 
can cause flavor-changing- neutral-current (FCNC) problem For simplicity, we assume 
the flavor diagonal and universal n in this study. 
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Ul, 


Ur, 


Ur, 


UR+ 




Yi 


1/30 


2/15 


8/15 


2/15 


8/15 


2/15 


1/3 


-1/6 


Y2 


2/15 


1/30 


2/15 


8/15 


2/15 


8/15 


1/3 


-1/6 



TABLE I: f/(l)A charges Ya for fermions. The SM hypercharge is given hy Y = Yi + Y2. 



In the multiplet \l/c, there are other extra T-odd fermions. For those fermions, we simply 



assume Dirac masses, as suggested in Ref. 



. Furthermore, we assume that their Dirac 



masses are so large (as large as about 3 TeV) that these extra T-odd fermions are decoupled, 
but remains to be small enough not to generate the naturalness problem in the Higgs mass 
parameter. Thus, in our following analysis, we will not consider any effects induced by these 
extra T-odd fermions. 

The U{1)a charges Ya for fermions are listed in Table [B^ Those charges are determined 
by the gauge invariance of the Yukawa couplings which we will discuss later. In addition 
to the normal SM gauge interactions, the T-odd fermions interact with their SM partner 
fermions and the heavy gauge boson as follows: 

+ KacHTsf + g'sHY')ZH, + i-gsnT^f + g'cHY')AH,] hlM- + h-c, (11) 

f=u,d 

where Y' = —1/10, and sh (= sinOn) describes the degree of mixing between heavy neutral 



gauge bosons with sh 



93 



and Ch = cos 6h- For clarity, the corresponding Feyn- 



man rules are presented in Appendix A. Through these interactions, the T-odd fermion can 
contribute to heavy gauge boson productions. Also, it can be directly produced via exchang- 
ing light gauge bosons, heavy gauge bosons, and gluons at high energy hadron colliders, such 
as the LHC, as we will discuss in the following sections. 



C. Yukawa couplings for Top and other fermions 

In order to cancel the large radiative correction to Higgs mass parameter induced by top- 
quark, we introduce in the top sector the singlet fields Ul, and Ul,, which are embedded. 



^ Strictly speaking, these U{1)a charges Ya {A = 1.2) for fermions are defined by a sum of the U{1)a 
charges from the original SU{5) and extra fermion U{1) charges. 
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together with the qi and q2 doublets, into the following multiplets: Qi = f^Li, 02)""" 
and Q2 = (O2, Ul2, ^2)^ ■ For theJ^op-Yukawa interaction, one can write down the following 
T-parity invariant Lagrangi 

-X2f{UL,UR, + Ul,Ur,) + h.c, (12) 



or the top-Yi 



{QljiTjjx^ky — (Q2So)jSj2,'S 



ky 



where eijk and e^y are antisymmetric tensors, and i, j and k run over 1 — 3 and x and y over 
4 — 5. ur^ and Ur- {i = 1,2) are SU{2) singlets. Under T-parity, these fields transform as 
Qi ^ —T10Q2 , Ur-^ ^ ~Ur2 and Ur^ — > Ur^. The above Lagrangian contains the following 
mass terms: 



-Ai/ 



VSM 



1 



■'SM 



+ 



/ V 4/2 

- A2/(f/L+f/iJ++t/L_?7^J+h.C 



Ul+Ur, 



2/2 



Ul+Ur. 



Here we have defined the T-parity eigenstates as g+ = {qi — ^2)/ 



+ n 



(13) 



and Ur^ = One T-odd Dirac fermion T_ (T_i = Ul_, T^r = Ur_) gets a 

mass M2-_ = A2/ (cf. Eq. (fT3|) ). and a T-odd combination of the doublets qi and q2 obtains 
a mass from (cf. Eq. ([8])). The left-handed (or right-handed) top quark (t) is a linear 
combination of ul_^ and U^^ (or 'Uij+ and t/K_|_), and another independent linear combination 
is a heavy T-even partner of the top quark (T+): 





, (X = L,i?), 



(14) 



where the mixings are approximately expressed by 

2 '^SM 



sl 



+ ■ ■ 



sr 



a) ^SM 



P 



+ ■ 



(15) 



with = Ai/ ^J\\ + \\ and Cq, = A2/ \/Af -|- A|. The masses of the top quark (t) and T-even 
heavy top quark (T+) are given by 



Mt = XlCaVsM 



+ 



+ 



(16) 



Note that the T-even heavy top (T+) is always heavier than the T-odd heavy top (T_) 
in the effective theory considered here. The Feynman rules of SM and heavy gauge boson 
interactions in the top sector are also summarized in Appendix A. We note that the coupling 
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strength of W^ib is V^l^^^ = VtbCi (see Appendix A) where Vtb is the (t, h) element of the 
Cabibbo-Kobayashi-Maskawa (CKM) matrix. For our numerical results shown below, we 
have assumed Vtb = 1, so that V^J^ = cl = a/1 — s|, where sl is given in Eq. ( |T5|) . Once 
the V^J^ is measured experimentally, then the parameter space of the model can be further 
constrained. In other word, when the parameter varies, the effective coupling strength 
of W^th also varies under our assumption = 1, so that the single-top production rate 
at the Tevatron and the LHC also varies. As ^ 0, it is approaching to the SM W^ih 
coupling strength. 

In the top sector, there are two free parameters Ai and A2, which can be replaced by Ai 
and Sa as two independent parameters. The experimental value of the top quark mass (M^) 
gives the relation between Ai and as 

Ai = > 0.71 (17) 



VSM 



s2 



14| , we cal- 



for Sq, > and Mj = 175 GeV. Moreover, following the method presented in Ref. 
culated the J = 1 partial wave amplitudes in the coupled system of (ti, T+T^, bb, WW, Zh) 
states, which are relevant to the top Yukawa coupling, to estimate the unitarity limit of the 
corresponding scattering amplitudes. From the unitarity limit, we can get a mild constraint 
on the parameters: Sa/ca < 3.3, which corresponds to 

< 0.96 and Ai < 2.5, (18) 

cf. Eq. (fT7|) . Its detailed discussion is presented in Appendix B for completeness. We could 
also discuss the "naturalness" constraint on these parameters. If we calculate the one-loop 
contribution to the Higgs mass parameter (m/j) induced by the top sector, the correction 
is described by Am\ = c-^^M"^^ = auMfj, where yt = \/2Mt/vsM and c is a constant 
of 0(1). This correction should not be much larger than the Higgs boson (on-shell) mass 
squared M^, otherwise fine-tuning is needed. Thus the coefficient a^j is a measure of the 
"naturalness" of the Higgs mass correction. If we take aH{= dn/'^c) to be smaller than 10, 
we get the upper limit on Mt+ as 

^ ( 

Mt^ ^ 0. lev -i / 

In other word 




M^,<6.7TeV./^ — ^ . (19) 
+ - ^' 10 V 120 GeV ' ^ ^ 



[To /120 GeVA f f , 
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FIG. 1: Allowed region of parameters Ai and s^. Solid line (red) represents a relation between Ai 
and Sa required by top quark mass (Mt = 175 GeV), cf. Eq. p!7|) . Dashed line (green) shows an 
upper limit on 5q from the unitarity bound on the J — 1 partial wave amplitude in the coupled 
system of (tt, T+T+j WW^ Zh) states, as expressed in Eq. (fT8|) . Dash-dotted lines (blue) show 
that naturalness consideration puts lower limit on Sq, (or equivalently lower limit on Ai), as shown 
in Eq. (j20p . and the shaded region in upper- left area of the figure is excluded for / = 1 TeV. For 
/ = 2 TeV, the excluded region is extended to the dash-dotted line with / = 2 TeV. Here we have 
assumed an = 10 and Mh = 120 GeV. 

We summarize these constraints on the parameters of the top sector in Fig. [H 

For the first and second generation up-type quark Yukawa couphngs, we assume the same 
forms of Yukawa couplings as those for the top quark, cf . Eq. (!T3|) , except that we do not 
introduce SU (2)-singlet fields Ul^ and Ur^ for the first and second generations because we 
do not require the cancellation of the quadratic divergences induced from the hght quark 
sectors, for their Yukawa couplings are tiny. 
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For down-type quark Yukawa couplings, one of the possible effective Lagrangians 



is given by 



■^down — ^^^/eijCxj/z (^2)xSij;Sj2X — (\l/'^So)xSjj/SjzX dji^, (21) 



where = (— o"2gi, 0, 02)""" and "^'2 = {02,0, —a2q2)^ ■ Here X transforms into X under 
T-parity, and it is a singlet under SU (2)j (i = 1 — 2) with its U{l)i {i = 1 — 2) charges being 
{Yi, Y2) = (1/10, - 1/10). In this paper, we take X = (S33)-V4^ ^^^re E33 is the (3,3) 
component of the non-linear sigma model field S. 

For charged lepton (neutrino) sector, we assume the same Yukawa structure as that for 
down-type quark (first and second generation up-type quark) sector. 

D. Higgs boson sector 

As we have shown, there are SU{2)l doublet and triplet Higgs bosons in the low energy 
effective theory. The gauge and Yukawa interactions break the global symmetry, so these 
Higgs bosons receive masses from radiative corrections via gauge and Yukawa interactions. 
Because of the collective symmetry breaking mechanism, the doublet Higgs boson does not 
receive large quadratic divergence in its mass parameter, and hence the natural mass scale of 
the doublet Higgs boson is of the order of weak scale. On the other hand, the triplet Higgs 
boson mass is not protected by such a mechanism, therefore, its mass scale is naturally 
of the order of /. Calculating the dominant quadratically divergent top- and gauge-loop 
corrections to the effective Higgs potential, one gets 

\2 f4: wx Aj^r IV V sn*mysp*lz i v V ^*my^*lz\ 

(iff ~ '^t^lJ t tyzt tklm \^iw^jx^ ^ ~r ^iw^jx^ ^ I 

+ agf (g'Ti J2 (QAmQA^r + VTr J] (r4S)(r4S)* | , (22) 

\ A=l,2 A=l,2 J 

^ -M|(^Tr$t$ + ^^+..., (23) 

where at and are constants of the order of 1. Note that because of the collective symme- 
try breaking mechanism, the doublet Higgs boson does not receive quadratically divergent 



^ We thank J. Hubisz for pointing out this possibiHty. The effective Lagrangian for the down- type quark 
Yukawa couphngs proposed in Ref. [6] is not invariant under U{1)a {A = 1,2). 
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Ah 


Zh {Wh) 


T+ 


T_ 


M_ 


(i_ 




Mass (TeV) 


0.15 


0.65 


1.4 


1.0 


1.4 


1.4 


0.69 



TABLE II: Typical values of masses for the heavy T-parity partners of the SM particles. Here we 
take the scale / to be 1 TeV, Sa = 1/^/2, k = 1, and the top quark and Higgs boson masses to be 
175 and 120 GeV, respectively. 

top- and gauge-loop corrections at one-loop level, however, it receives the logarithmically 
divergent one-loop and quadratically divergent two-loop corrections, even though we don't 
show them explicitly in Eq. (!23|) . As shown in Eq. (!23|) . the coefficient of the Tr$^^<l> term 
is — M|. Hence, the mass of the triplet Higgs boson is related to the quartic coupling of 
the doublet Higgs boson. Consequently, there is a relation between the triplet and doublet 
Higgs boson masses, which is approximately expressed as 

M, . (24) 

VSM 

In our analysis, we take the doublet Higgs boson mass Mh as a free parameter, and we 
calculate the triplet Higgs boson mass using Eq. (!24|) '^. Since the triplet Higgs multiplet 
can participate in electroweak interactions and the triplet Higgs boson masses can be of the 
order of TeV, they can be directly produced at the LHC. 

In Table [TTl we list the typical mass spectrum of the heavy T-parity partners of the 
SM particles. Here we have taken the scale / to be 1 TeV, Sa = l/"\/2 (or, equivalently, 
Ai = A2 ~ ~ -'-)' ~ ^^"^ Q^^^k and Higgs boson masses to be 175 and 

120 GeV, respectively. We will assume this set of model parameter values in the rest of this 
paper, unless otherwise stated. 



III. HIGH ENERGY BEHAVIOR OF uu W^W^ 

Before we present a detailed study on the collider phenomenology of the Littlest Higgs 
model with T-parity, we stress in this section the importance of the T-odd SU (2) doublet 



^ After the electroweak symmetry breaking, each component of the triplet Higgs multiplet receives different 
correction to their masses, and hence non-degeneracy will be induced. In our analysis, we have not included 
this non-degeneracy in the triplet mass spectrum. 
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fermion contributions to high energy processes. To illustrate the important role of the T-odd 
SU{2) doublet fermions in high energy processes, we discuss the high energy behavior of 
uu ^H^H- The tree-level diagrams for this process are given in Fig. O The amplitudes 
of the s-channel process with photon and Z-boson exchanged are expressed by and 
, respectively, and the amplitude of the t-channel process with T-odd down-quark (i_ 
exchanged is A''- . For the scattering process u{pi)u{p2) ^ W^{p3)W^{p4), we find 

-2p, ■ e*{p3) f{p,) + 2p3 ■ e*{p,) r{P3)MPi) , 

-2p, ■ E*ips) /*(P4) + 2ps ■ e*{p^) ^*{pz)}{L + R)u{p{) , 
A"- = /*(P4)Pl(/-M,_) jt{p,)PLu{Pi). 

where L = (1 — | sin^ 0w)Pl, R = — | sin^ OwPr, Ow is the weak mixing angle, and Pl = 
{Pr = ^-^) is the left-handed (right-handed) projection operator. In the center-of-mass 
frame of W^W^, the 4-momenta of the particles can be chosen to be 

Pl = {E,0,0,E), p2 = {E,0,0,-E), 

Ps = (-E, psin6', 0,pcos6'), p4^ = {E, —psm9,0, —pcos9) , 

where E is the energy of incoming and outgoing particles, p is the momentum of outgoing 
heavy gauge bosons and 6 is the scattering angle. In order to check its high energy behavior, 
we consider the case that both the heavy gauge bosons and are longitudinally 
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A\-^) = (25) 



polarized. Since the incoming fermion u and anti-fermion u have opposite hehcities, the 
hehcity amphtudes of s-channel and t-channel processes can be easily found to be 

_ £;(2£;3cosg+p3-3p£;^) 

where sp^/ = sin 6w , ( — h) are the helicities of (uu), the Mandclstam variables s = (^1+^2)^ 
and t = (pi — Pa)^, and , and Mrf_ are the masses of Z-boson, heavy W^-boson and 

heavy T-odd down-quark, respectively. As we take the high energy limit, i.e. y/s ^ Mx 
{X — Z, Wh and each amphtude behaves as follows: 

sin 9 

,7, N /-, 4 ,sin6' 

= -(1- g^)^^^, (26) 

, V sin 6' ,^„, 

It is evident that each term diverges as energy goes to infinity, but their sum is zero because of 
the cancellation between the s-channel and t-channel contributions. Therefore, we conclude 
that including the contribution from the T-odd down-quark is essential to warrant a good 
high energy behavior of the scattering process uu — > W^W^. This can be illustrated by 
partial-wave analysis, as to be given below. 

The J = 1 partial-wave amplitude (denoted as a'^^^) of the uu ^h^h process, for 
producing longitudinal Wh^s, consists of two contributions: one from s-channel, another 
from t-channel. We find 



_ as f sm'9{2cos9 + P'-3P) 

«t-channel " f^./K 2 1^2 / ^ 2Mj « COS P , 



where ck — ^ and /? = ■sj^ ~ ^-^WhI ^ " (^ ^^^^ electric charge.) When s ^ 



and s ^ , we have 
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J=l partial wave of the sum of S-channel and T-channel 
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FIG. 3: J = 1 partial-wave amplitude of the uu ^h^h W^cess, as a function of MyyjjWn^ 
-y/i). The plots are shown for = 1, 3, 5 TeV and oo. 



In Fig. [3|, we show the J = 1 partial- wave amplitude of the uu ^h^h process, as a 
function of the invariant mass (^/i) of the W^W^ pair, for cases with Md_ = 1, 3, 5 TeV 
and oo. We found that the unitarity is not violated up to about 15 TeV in the decoupling 
limit of the T-odd down quark, i.e. —>■ oo. On the other hand, the constraint on 

the four-fermi operator contributing to the e^e^ — ^ qq scattering sets an important upper 
limit on the T-odd fermion mass, as shown in Eq. ffTOl) . thus the decoupling limit of the 
T-odd fermions is not a realistic assumption and the T-odd fermion contribution generates 
an important correction to uu — ^ W^W^ process. This contribution was not taken into 
account in the previous study [6^. As we show later, the theoretical prediction of the pair 
production cross section of heavy I^-boson significantly depends on the mass of the T-odd 
down-quark. Moreover, because the mass of the T-odd SU{2) doublet fermions cannot be 
too heavy, cf. Eq. (fTOj) . they can be copiously produced at the LHC. Therefore, in the 
following section, we study the collider phenomenology of the LHT with emphasis on the 
contributions of the T-odd fermion to the production of the heavy T-parity partners (either 
bosons or fermions) at the LHC. 
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IV. PHENOMENOLOGY 



The Little Higgs mechanism which provides the cancellation of dominant quadratic di- 
vergences from the top-quark and SM gauge bosons in Higgs boson mass term, demands the 
presence of the partners to SM fermions and bosons. In particular, detection of the T-even 
and T-odd partners of top quark would provide a clear hint for the Little Higgs mech- 
anism with T-parity. Similarly, the heavy T-odd gauge bosons of the electroweak gauge 
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components of the Little Higgs mechanism. Many stud- 



23| have been presented in the hterature on the detection 



strategies for T-even and/or T-odd partners of top quark and heavy T-odd gauge bosons 
at high energy colliders. On the other hand, the T-odd SU(2) partners of SM fermions 
of the first and second generations received so far little attention with respect to collider 
phenomenology. As we have shown, these fermions are crucial component of LHT for pro- 
viding its consistency with respect to unitarity and viability with respect to constraints from 
contact interactions. 

In this section, we first discuss the production of these heavy T-odd fermions, either 
produced in pairs or in association with heavy T-odd gauge bosons at the LHC Then, we 
discuss the impact of T-odd fermion contribution to the production of heavy T-odd gauge 
boson pairs. As discussed in the previous section, it is necessary to include the contribution 
from these heavy T-odd fermions to yield an unitary scattering amplitude. For completeness, 
we will also discuss the production of heavy T-odd triplet Higgs bosons. In the end of this 
section, we will briefly discuss the potential of the LHC for testing LHT by classifying several 
most interesting experimental signatures. 



A. Direct Production Rates at the LHC 



Given the model described in section II, we can easily calculate the direct production 
rates of non-SM fermions, gauge bosons and triplet Higgs bosons. In our numerical re- 
sults, we have used CTEQ6M parton distribution functions [2^ with the renormalization 
and factorization scales chosen to be the invariant mass of the constituent process. Only 
the leading order results are reported here. For our phenomenological analysis we have im- 
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plemented the complete LHT into CalcHEP package 25j]^ and used it in our analysis. To 
check our analytical derivation of the effective lagrangian for the implementation of the LHT 
into CalcHEP, we applied LanHEP package 261] for automatic generations of Feynman rules 
for the CalcHEP. Indeed, it turned out that independent implementation of the model was 
crucial for the cross check of the previous studies Q|. 

In our analysis we fix the model parameters to be k = 1, Sq, = l/"\/2 (or equivalently, 
Ai = A2 ~ ~ Higgs boson mass Mu=Vl^ GeV, and the top-quark mass 

Mi = 175 GeV, while studying the signal production rates as a function of the new particle 
mass scale /. With this choice of the model parameters, the effective W^ib coupling is 
^V,1"^,Pl with V,l" = CL = v/r^ ^ 1 - 0.008 {^y. 



1. Quark-Quark production rates 

The LHC is a proton-proton hadron collider, so that a heavy T-odd quark, denoted as 
g_ can be copiously produced in pairs as long as its mass is not too large. There are two 
main mechanisms of T-odd quark pair production. Firstly, Q-qJ, same-sign-charge quarks 
can be produced via exchanging the T-odd heavy photon and Z-boson {Ah and Zh) in 

t (or 'u)-channel processes initiated by same-sign-charge light quarks. A respective Feynman 

ii\ 

diagram corresponding to this process is shown in Fig. |H Secondly, pair production 

takes place via both electroweak and obviously dominating QCD processes. The respective 
QCD Feynman diagrams for this process are shown in Fig. [51 




(') 

FIG. 4: Representative Feynman diagram for pp q-qJ via t-channel exchange of T-odd photon 
Ah and T-odd Z-boson Zh- 



^ We are grateful to Alexander Pukhov for developing new CalcHEP version while visiting Michigan State 
University. 
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FIG. 5: QCD Feynman diagrams for pp — > q^q- process. 



In Fig. [6] we present pair production rates of first and second generation heavy T-odd 
quarks versus / value, organized by their electric charges. The corresponding masses of 
the new heavy particles relevant to the production processes under consideration are listed 
in the top margin of the figure, corresponding to the respective / values at the bottom. 
For example, in Fig. El for / = 1 TeV one has Mq_ ~ 1.4 TeV, Mw^ — 0.65 TeV and 
Ma„ ^ 0.15 TeV. 

The solid curve presents the production cross section of heavy quark pairs with positive 
charges, glgl, which includes, for example, d^d_ and u^d_ pairs. The dashed curve 

is for the production of heavy quark pairs with negative charges, qZqZ, which includes, 
for example, u^u^, d^d- and d^U- pairs. The dot-dashed curve is for the production of 
heavy quark pairs with opposite-sign charges, q^qZ, which includes, for example, U-d^ and 
u^d^ pairs. It is evident that the heavy T-odd quark pair production rates are sizable. 
The production rate of positive charge pairs is larger than that of the negative charge pairs 
because of the larger parton density associated with positive charge pair production in 
proton-proton collision. One should notice that electroweak production is comparable 
with essentially QCD qlqZ production! This happens because the production of heavy 
quark pairs with positive charges is initiated by both valence quarks in the proton which 
have higher parton density than that contributing to either QCD or EW qlqZ production. 
Furthermore, glgl (qZqZ) production becomes even more sizable as compared to qllqZ 
production when / (and so the T-odd quark mass) increases, since the contribution from 
valence quarks becomes more important in the large x-value region. This is an important 
result because the qtq^ {qZqZ) production can provide an exciting experimental signatures 
at the LHC, as we shall discuss together with their detection strategies in the following 
subsections. 

In Fig. [7] we present various production rates of heavy T-even and T-odd top quark pairs 
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FIG. 6: The first and second generation heavy T-odd quark production cross sections at the LHC, 
where q'^ = {u-,C-,d-,S-} and q~ = {u-,C-,d-, S-}. The soUd curve presents the production 
cross section of heavy quark pairs with positive charges (qllq^), dashed curve is for the production 
of heavy quark pairs with negative charges {qZqZ) and dot-dashed curve is for the production of 
heavy quark pairs with opposite-sign charges (gitgZ). The corresponding masses of the new heavy 
particles relevant to the production processes under consideration are listed in the top margin of 
the figure, corresponding to the respective / values at the bottom. 

as well as the rate of single T-even heavy top quark associatively produced with SM light 
quarks as a function of /. The T-odd bottom quark pair production rate is also given. 

The T-odd heavy singlet top quark pairs {T_T_) have the largest cross section (solid 
curve) because in the LHT, considered here, the T-odd heavy singlet top quark (T_) is 
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FIG. 7: The third generation heavy T-odd and T-even quark production cross sections at the LHC. 

lighter than the T-even heavy top (7"+). Note that the mass of T-odd doublet quarks is 
determined by the choice of k, value which is taken to be 1. In this case T-odd heavy 
doublet top quark mass is larger than the TL mass and is about the same as the r+ 
mass. 

As / increases, both T_ and T+ become heavier, and the single-T+ production in associ- 
ation with light quarks (gT+ -|- qT+) (long-dashed curve) rate becomes larger than the T_TL 
rate. This is because of the phase space suppression in T_T_ (or T+TV " dotted curve) pair 
production, for producing two heavy particles, as compared to producing only one heavy 
particle in single-T+ event. Furthermore, the single-T+ production mechanism is dominated 
by longitudinal VT-boson fusion with the incoming bottom quark in the t-channel production 
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process, similar to the SM t-channel single-top production |27l . |28| . Due to the collinear en- 
hancement for the light quark emitting a ly-boson in the high energy region, the constituent 
cross section of single-T+ process does not drop as fast as that of pair production process. 
We note that for a fixed T+ mass, the single- T+ production rate is proportional to s^/c^. 



Mt 



This is because the coefficient of W+T+h coupling is V^J^^ ~ K/^^l^ - K/^T^m^^ 
cf. Appendix A. In Fig. [71 we also show the production rates of the T-odd t^i^ and 
pairs (short-dashed curve), where t_ and b_ are originated from the T-odd SU{2) doublet 
quark fields, and their masses are generated from the k term of the effective Lagrangian. 
One can see that T^T^ and (or h^hJ) production cross sections are very close to each 
other because of the same production mechanism and the similar masses of r+ and t_ (6_) 
(for this particular choice of model parameters). Fig. [7| also presents cross sections for the 
associate tT+ (short dot-dashed line) and 6T+ (long dot-dashed line) productions. The tT+ 
production rate dominates over the 6T+ rate because the diagram with t-channel H^-boson 
exchange plays the leading role for the tT+ production, and the similar diagram for 6T+ 
production is suppressed by CKM matrix elements. For example, it is suppressed by Va, in 
the cb — > production process. 



2. Quark-Boson production rates 

Another production mechanism for heavy T-odd quarks in the LHT is via associated 
production with heavy T-odd gauge bosons. Since the initial state of the scattering processes 
is T-even, the final state has to be a pair of T-odd particles. For example, the d_W^ pair can 
be produced via the ug — > d^W^ production. In Fig. [8], we show the associated production 
rates of heavy T-odd gauge bosons with all possible T-odd heavy quarks and anti-quarks, 
including the T-odd partner of heavy top (anti-) quark, as a function of / value. The 
fractional contribution from t^W^ (and i-W^), initiated by an incoming 6-quark, to the 
Q-Wjj production is at the percent level, because of the smallness of 6-quark parton density 
inside the proton. Similarly, the fractional contribution from h^Zn (and b^Zfj) to the Q-Zh 
production is also at the percent level, while the t_ZH contribution is not included because 
we do not take top quark as a parton in our calculation. The same conclusion for q-Zn 
production also holds for q^Au production after substituting Zh by Ah- 

One can see that q-Wn (solid line) associate production is the dominant one, q-Zn 
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FIG. 8: Heavy quark-boson associated production rates at the LHC. 

(dashed line) production rate is about a factor of 2 smaller due to the ratio in their couplings 
Iggq-WH/dqq-Znl — Q-Ah (dot-dashed line) production is suppressed even more due 

to \gqq_WH/9qq-AH\ - 5A/2cOt6'iy. 

We note that due to T-parity, the T-even heavy top quark can be produced associa- 
tively with the SM (hence, T-even) gauge bosons, not the T-odd heavy gauge bosons, whose 
production rates are also given in Fig. M (dotted line). Since bT+W coupling is suppressed 
as v/ f, one can see that T+W~ (T^W~^) rate is significantly smaller than the Q-Wh rate, 
and this suppression obviously grows with the increase of / value. 
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FIG. 9: Heavy T-odd gauge boson pair production rates at the LHC. 
3. Boson-Boson production rates 

As discussed in the previous section, the presence of the T-odd heavy quarks in the 
model is essential for unitarising the scattering amplitudes of qq ^ VhVh processes, where 
Vh denotes T-odd heavy electroweak gauge bosons. In Fig. [9] we show all possible T-odd 
heavy gauge boson pair production cross sections versus / values. We note that due to the 
destructive effect from the t-channel T-odd heavy quark exchange diagram, which is needed 
to respect unitarity in high energy region, the predicted T-odd gauge boson pair production 
rates are smaller than those reported in Ref. Q where the important T-odd heavy quark 
exchange diagram was not included in the calculations. 

Moreover, it is not a constant suppression factor in every production channel such that the 
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FIG. 10: Heavy T-odd gauge boson pair, pp W^Wjj, production rates at the LHC. 

relative difference between the ZhW^ and W^W^ rates is much smaller than that reported 
in Ref. gI- To examine the dependence on model parameters, we show in Fig. [10] the 
production cross section of W^W^ pair at the LHC as a function of / for various choices 
of K values. We note that the curve for k, —>■ oo corresponds to the calculation without 
including the T-odd heavy quark contribution which overestimates W^W^ production rate 
by a significant factor. In the later section, we shall come back to discuss its detection 
strategies at the LHC. 
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FIG. 11: Heavy T-odd Higgs production rates at the LHC. 

4- Higgs-Higgs production rates 

In the LHT, the direct production mechanism of the normal (T-even) Higgs boson is 
similar to the SM Higgs boson production though with somewhat suppressed couplings. We 
refer the reader to Ref. 16| for more detailed discussions. In high energy collision, the T- 
odd triplet Higgs bosons can be produced in qq — » 00 processes at the tree level via gauge 
interactions of 0, where denotes any of the T-odd heavy triplet Higgs bosons. Their direct 
production rates are small because at tree level they are produced via s-channel processes 
with highly virtual gauge boson propagators. Though t-channel diagrams also take place, 
they are strongly suppressed because they involve heavy T-odd quarks and the qq-(f) coupling 
is suppressed at least by f //. 
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TABLE III: Decay branching ratio of heavy particles in Littlest Higgs Model with T-parity. Values 
in this table are calculated with parameters k = 1, / = 1 TeV, Mh = 120 GeV and Mt = 175 
GeV. We notice that for this set of model parameter values, the triplet Higgs doesn't have 
two-body decay modes at tree level. 

Nevertheless, the T-even Higgs bosons can be copiously produced from the decay of T- 
odd heavy quarks, as to be discussed below. For that, we shall first examine the decay 
branching ratios of the T-odd heavy quarks and gauge bosons predicted in this model. 

B. Decay branching ratios 

In order to study the phenomenology of the T-odd heavy particles predicted in the LHT, 
we need to know about their decay branching ratios. In addition to the SM parameters, 
the dominant two-body decay modes of the first and second generation T-odd quarks only 
depend on two more parameters: / and n, i.e. / determines the mass of the T-odd heavy 
gauge bosons and both / and k, determine the mass of T-odd heavy quarks. If k, is of the 
order of 1, then because of the smallness of gauge coupling strength, the T-odd gauge bosons 
are typically lighter than the T-odd quarks. When the lightest T-odd particle (LTP) is Ah 
so that it could be a good candidate for dark matters, the heavy T-odd quarks mainly decay 
into a normal QCD jet plus a T-odd heavy gauge boson W^, Zh or Ah- As shown in 
Table [TTTl the decay branching ratio (BR) into +jet is about twice of BR{Zh +jet) and 
one order of magnitude larger than BIi{AH + jet) for / = 1 TeV and k = 1. This feature 
also holds for the T-odd heavy top and bottom quarks which are originated from 
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the T-odd SU{2) doublet quark fields and gain their masses from k terms. The T-odd heavy 
SU (2) singlet top quark (T_), originated from the top quark Yukawa interaction Lagrangian, 
decays almost 100% into the tAn mode. The T-even heavy SU{2) singlet top quark (T+) 
has a more complicated decay pattern and can decay into W^b, Ht, Zt and Ant- modes 
with nontrivial dependence on the model parameters such as /, Ai and A2 (or, equivalently, 
the masses of heavy T-odd gauge bosons, T+ and T_). In Fig. [121 "we present the decay 
branching ratios for the above decay channels of as a function of (left frame) for 
f=l TeV, and as a function of / for Sa = l/"\/2 (right frame) ^. One can see that at Cq — 1, 
BR(T+ — s> Ht) becomes dominant since for small Sa, HT^t coupling is proportional to Ca 
while the couplings of T+ in the other decay channels are suppressed by Sa- Note that for 
our analysis, the coefficient of the W~^ib coupling V^/^ = VtbCi varies as c^, cf. Appendix 
A. Here Vtb is taken to be 1. On the other hand, the BR of T-odd heavy quarks are quite 
insensitive to the LHT parameters as long as the mass of the T-odd heavy quark is larger 
than Ah- For example, the values of BRs shown in Table UTTl also hold (within a few percents) 
for / = 0.5 — 1 TeV range. Hereafter, we will take / = 1 TeV as the reference point. 
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FIG. 12: T-even heavy top decay branching ratios for k = 1, Ai 
Mh = 120 GeV. 



A2 (or, Sa = I/V2) and 



^ We have found disagreement for branching ratios of 1+ for smaU values of Sa as compared to results 
reported in Ref. Q. In our paper, Ca corresponds to s\ of Ref. [6]. For the sake of comparison we present 
Ca dependence of BR(T+) in the left frame of Fig. [T^ 
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The striking feature of the T-odd heavy gauge boson decay pattern is that W^^ almost 
exclusively decay into a W^Afj pair, while Zh decays into a ZH pair, for k being of the order 
1 and the mass of the (T-even) Higgs boson is about 120 GeV. This is because the masses of 
and Zh are about the same and are smaller than the T-odd heavy quark masses (unless 
K is much less than 1). In such cases, the normal (T-even) Higgs boson can be copiously 
produced from the decay of T-odd heavy gauge boson Zh which can be produced either 
associatively with T-odd heavy quarks or another heavy T-odd gauge bosons, as discussed 
above. 

For the chosen model parameters, with k = 1 and Ai = A2 (or, Sa = and Mh = 

120 GeV, there is no tree-level two-body decay mode for the T-odd doubly charged triplet 
Higgs boson, 0^^, while 0^ decays into W^Ah mode, and 0° and (p^ decay into ZAh and 
HAh modes, respectively. However, for Mh > 130 GeV, the PF^W^^ mode could be opened 
for Higgs boson. 

C. Signal processes and the collider signatures 

In this section we shall discuss various experimental signatures of signal processes at the 
LHC for the same values of model parameters as given in the previous section. For simplicity, 
we shall concentrate on the pure leptonic decay modes of gauge bosons in the final decay 
chain of T-odd heavy quarks and gauge bosons. 

1. The 1st and 2nd generation heavy T-odd quark pair production 

According to the multiplicity and charge of the leptons produced from the first and 
second generation T-odd heavy quark chain decays, we can classify the T-odd heavy quark 
pair event signature as signal events with like-sign di-leptons, opposite-sign di-leptons, and 
single charged lepton with large missing transverse momentum. 
1) like-sign di-lepton (i"^ i"^ + I^t + j ets) signature (LSL) 

As shown in Fig. |H the valence quark initiated pp Q-Q- processes via the exchange of 
heavy electroweak gauge bosons could give rise to a large production rate of signal events 
with a pair of like-sign charged leptons in the final state to yield a distinct experimental 
signature. For example, 

^ W^dW+d W+W+AnAndd and ^ W^dW^u W+W+AnAndu 
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FIG. 13: Rates for like-sign di-lepton, opposite-sign di-lepton and single charged lepton signatures 
from the 1st and 2nd generation heavy T-odd quark pair production at the LHC. 

chains lead to the i~^i~^+]^T + jets signature, while 

d_d_ ^ W^uWjjU ^ W~W~AhAhuu and d_u_ W^uWj^d W~W~AHAHud 
processes produce i~i^ + ]^T + jets final state. 

The overall decay branching ratios for the above reactions can be easily calculated from 
Table [m] which yields 5r[g_g_ LSL] = 0.62^ x (2/9)^ - 0.019. Depending on the values 
of /, the LSL signal event rate for positively charged leptons is about at 23 fb level for a 
lower value of / = 0.5 TeV and about 0.6 fb for / = 1 TeV, as shown in Fig. [131 LSL signal 
event rate for negatively charged leptons is 5 fb and 0.1 fb, respectively, as shown by dotted 
line in Fig. [131 

With the high luminosity option of the LHC, around 300 fb^^, there will be a large number 
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of signal events with like-sign di-leptons, with large transverse momentum (Pt), and large 
missing transverse momentum (I^t) in the i~i~+]^T + jets or i^i^+^x + jets signature. 
The prominent feature of this signal signature is that it is free of large ti background. This 
is similar to the case for studying the longitudinal weak boson scattering processes in the 
TeV region, with emphasis on the so called Gold-platted purely leptonic decay mode of weak 
bosons. As shown in Ref . 29| , after imposing the kinematic cuts on the charged leptons, the 
SM background rate, which is dominated by the intrinsic electroweak qqW^W^ production 
and the Wtt associate production, is already down to the level of a few tenth fb. It is 
expected that one can further discriminate the signal event from the SM background event 
by requiring a large scalar sum of the transverse momenta, contributed by the two high Pt 

charged leptons, jets and ^t, which is known as the Ht parameter in the search for top 

[ I 

quark at the Tevatron [30]. This is because in the signal event, two heavy T-odd quarks 
are produced so that the center-of-mass system has a much larger mass. Furthermore, 
one can use the kinematic constraints, similar to those used in the ti analysis carried out 
at the Tevatron, to purify the data sample with T-odd heavy quarks. Finally, one can 
construct the transverse mass of the final state system, in analogy to the one introduced 
in Ref. {29! for studying the longitudinal weak boson scattering, to further discriminate the 
SM background from the signal events. Therefore, the LSL signature of the T-odd quark 
pair events is expected to provide a clear verification or disproof of the Littlest Higgs model 
with T-parity unless the signal production rate is largely suppressed for very large / and 
therefore very heavy T-odd quarks. 

2) opposite-sign lepton (i"^ P + + j ets) signature (OSL) 

A shown in Fig. [6l the production of T-odd heavy quark pairs with opposite electric charges 

has a higher rate than the like-sign heavy quark pairs. For example, 

u_u_ W+dW^d W+W-AuAudd, 

u^d^ W^dWHU W+W-AuAudu, 

d^d^ WjjuW^u W~W+AhAhuu, 

d^u- WHuW^d W-W-AuAuud 

processes all give rise to the + J^t + jets signature. When the mass of the T-odd heavy 
quarks increases, the electroweak production rate becomes more important than the QCD 
production rate. One of the reasons is that the former process is dominated by the t-channel 
exchange of a relative light Ah boson, and the later process is induced by the s-channel 
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exchange of a virtual gluon. Another reason is that the former process can be initiated by 
two valence quarks (via t-channel process) while the later process must involve a sea-quark 
parton whose density function becomes smaller in the large x-region for producing a heavier 
T-odd heavy quark pair. 

The overall decay branching ratio for the above reactions is equal to Br[g_g_ —>■ LSL]. 
Hence, the OSL signal event rate is larger than the LSL signal event rate as indicated by 
the dot-dashed line in Fig. [131 However, the OSL signal suffers from a much larger SM 
background rate induced by the ti production. Nevertheless, the same strategies discussed 
above to suppress the SM background rate in the LSL analysis also applies to the OSL case 
because the signal events are all generated from a system with a much larger mass (i.e., the 
invariant mass of the heavy T-odd quark pair) as compared to the SM background processes. 
To be certain, a detailed Monte Carlo analysis is needed which is beyond the scope of this 
work. 

3) Single charged lepton + I^t + jets) signature (IL) 

One may also consider the signal event signature with only one charged lepton in its final 
state, with one of decaying leptonically and another hadronically. The overall decay 
branching for the above reactions is equal to Br[q^q_ IL] = Br[q_q_ WnWnqq — *■ 
1L]+Br[q_q_ WuAuqq IL] = 0.62^ x 2/9 x 2/3 x 2 + 0.62 x 0.086 x 2/9 x 2 ~ 0.14 ~ 
6 X Br[q_q_ LSL]. The production rate is also higher, as presented by the dashed line 
in Fig. [13], for all the above T-odd heavy quark pair production channels are combined. On 
the other hand, the expected background will also be orders of magnitude higher. Hence, it 
is more challenging to detect the signal events in the single charged lepton mode. 

2. The third generation heavy quark pair production 

In order to cancel the quadratic divergence induced by the top quark loop for Higgs boson 
mass correction at the one-loop order, we need to introduce additional heavy quarks (heavy 
partners of top quark) into the LHT model. In general, there are T+, T_, originated from 
the top quark Yukawa sector, cf. Eq. f[T2|) . and t„, originated from the k, term interaction 
with 6„ as its isospin partner, cf. Eq. ([8]). 
1) r_f_ production with T_f_ AuAHti 

The T_T_ production rate at the LHC is quite large, which is about 30 fb for / = 1 TeV. The 
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FIG. 14: Rates for opposite-sign di-lepton and single charged lepton signatures from the third 
generation heavy quark pair production at the LHC. 

experimental signature of this signal event can be either OSL or IL. Its production rate only 
depends on T_ mass and the decay branching ratio of T_ IAh is about 100%. Therefore, 
it is important to test this production mode at the LHC, for the signal rate can be predicted 
with great confidence. We present OSL rates for T_T_ production in Fig. [T3] as solid line. 



There have 



3een a few studies in the literature to discuss how to detect this channel at 



the LHC 

though more detailed Monte Carlo analysis is needed to confirm how well 
this channel can be detected. It was also pointed out that it could be very challenging to 
distinguish this production channel with the top-squark (stop) pair productions predicted by 
the Minimal Supersymmetric Standard Model (MSSM) with the subsequent decay of stop 



into top quark and the lightest supersymmetric particle (neutralino) 21j. Needless to say 
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that distinguishing the LHT from the MSSM generally requires studying of all detectable 
experimental signatures induced by various production mechanisms predicted by the models. 

2) and 6 6 production 

For the particular choice of k = 1, which makes t_ and 6_ heavier then T_, the 
production rate is at least one order of magnitude (depending on the value of /) lower than 
the T_T_ rate. In case of t_t_ production, there will be two 6-jets associatively produced 
with a pair of OSL or IL in its event signature. Likewise, the 6_6_ process gives rise to a 
ti pair in addition to the OSL or IL signature. The rate for OSL+tt signature is presented 
in Fig. [TUby dashed line. The rate for OSL+66 from production is very similar and is 
not shown. Depending on k, t-i^ production rate could be higher or lower than the T^T^ 
production rate, making it, respectively, harder or easier to observe. 

3) T^T^ production 

Since T+ is heavier than T_, the pp T^T^ production rate (similar to the t_t_ or 6_6_ 
production rate) is at least one order of magnitude lower than the T_T_ production rate 
(depending on the value of /). The highest rates are for W^W~hb signature 

which should be checked against the SM ti background. The rate for OSL+66 signature is 
presented in Fig. [H] by the dot-dashed line. Again, the techniques discussed about for using 
the large invariant mass of the heavy system in the signal event to distinguish it from the 
SM background event could be useful for detecting the signal event in this channel. 

4) single T+ production 

The rate of single-T+ production associated with a light quark via t-channel electroweak 
interaction is actually higher than the rate of pair production via strong interaction, 

as clearly shown in Fig. [71 The dominant experimental signature of the signal event is the 
same as the SM single-top event though it is expected with a much larger missing transverse 
momentum. In Fig [H] the dotted line presents the rate of IL signature originated from the 
single T+ production in association with the light quark. Furthermore, the transverse mass 
of the signal event will be larger than that of the SM single-top event. In analogy to the SM 
single-top event, the single-T+g event is also characterized by a forward-jet which populates 
in the large rapidity region and can be used to suppress ti and Whh backgrounds [27] . Again, 
a Monte Carlo study is needed to draw any definite conclusion about its detection at the 
LHC. 
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FIG. 15: Rates for opposite-sign lepton and associate Higgs production signatures from T-odd 
boson and T-odd quark associate production, VhQ-, at the LHC. 

3. Q-Vh associate production 

As discussed in Ref. 



16| Higgs boson production rate via gluon-gluon fusion process is 
always smaller than that predicted by SM. However, because in most part of the model 
parameter space, a heavy T-odd Zh decays almost entirely into a ZH pair, it provides new 
production channels for the SM-like Higgs boson. The experimental signature of the Q-Vh 
pair production can be classified as follows. 
1) Q-Wh production 

This signal process gives rise to OSL and IL signatures with one less jet as compared to 
the T-odd heavy quark pair production, but without the LSL signature. The OSL signature 
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rate for this process is presented as the sohd hne in Fig. [151 

2) q^Zu production 

The interesting decay chain of this signal process is q-Zu c^WhZh q'W^AuAHH 
in which a high Pt Higgs boson is associatively produced with a W^-boson. Its event rate 
is large, at about 12 fb level for / = 1 TeV and k = 1. With a large in the event, it 
could be detectable, though a detailed Monte Carlo study is needed. The respective rate for 
q'W^ AhAhH signature is presented in Fig. [15] by the dashed line. 

3) q-Au production 

The decay chain q-Au Wnq'An WAuq'Au provides the + I^t signature which is 
however not a promising channel to look for the signal, because the SM backgrounds, such 
as the WZ{-^ up) production, could be quite large. 

4- VhVh production 

The experimental signatures of VhVh events are similar to that of q^Vu events, but with 
one less high-P^ jet. Therefore, it requires a larger production cross section to detect such 
a signal event. 

1) ZhWh production 

The event rate of ZhWr — > AhHWAh is about the same as that for q-Vn production, but 
with almost 100% decay branching ratio. The rate as a function of / is presented in Fig. [16] 
by the dashed line. Its experimental signature is the WH associate production with large 
missing ^7-. 

2) W^Wjj production 

The event rate of W^W^ —>■ AhW~ Ah is about 5 times smaller than that for q-Vu 
production. The solid line of Fig. [16] presents this OSL signature rate. Hence, it is more 
challenging to detect such a signal event in the pure leptonic channel. 

3) ZhZh production 

The event signature of Z^Zu AhHAhH is the production of a pair of Higgs bosons with 
large in the event. Its production rate is about one order of magnitude smaller than the 
W^W^ production rate, as indicated by the dot-dashed line in Fig. [16] On the other hand, 
in spite of its small production rate, this process offers an interesting production channel for 
Higgs boson pairs. 
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FIG. 16: Rates for OSL, WH and HH signatures for various VhVh production reactions at the 
LHC. 

5. Heavy T-odd Higgs boson production 

The highest heavy T-odd Higgs production rate, with its cross section around Ifb for 
/ ~1 TeV, comes from the or 0+ production channels. For the model param- 

eters under study, there is no allowed two-body decay mode for 0++ boson, due to mass 
constraints. Nevertheless, 3-body decay modes of (j)'^'^ can take place at tree level, and it is 

also possible to have 2-body radiative decay modes dominating the decay branching ratios 
of 0++. Hence, there will be multiple jets and leptons in such kind of signal events. 
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V. CONCLUSIONS 

The Littlest Higgs model with T-parity (LHT) j^, ^ Q, |8| is an attractive Little Higgs 
model which provides not only solution to the Little hierarchy problem but also a possible 
dark matter candidate j^. Because of the T-parity, T-odd gauge bosons contribute to the 
electroweak observables at the weak scale in pairs, hence, the mass scale (/) of new particles 
predicted in this model can be as low as 500 GeV Q]- With the possibility of such a low 
mass scale, many interesting phenomenology has been studied in the literature . In order 
to implement T-parity in the fermion sector of the model, the heavy T-odd S'?7(2)-doublet 
fermions, which are T-parity partners of the SM fermion doublets, have to be introduced. A 
preliminary study on the phenomenology of these T-odd SU (2)-doublet fermions in the LHT 
was reported in Ref. 1^. In this paper, we present a detailed study of the phenomenology 
of the LHT with the emphasis on the role of the T-odd fermions in high energy scattering 
processes at the LHC 

In Sec. II, we present the effective Lagrangian of the LHT studied in this paper. Some 
relevant Feynman rules are also summarized in Appendix A. Particular attention has been 
given to discussing the properties of those T-odd 5'f/(2)-doublet fermions (denoted as 
including their masses and interactions to other particles predicted in the model. As shown in 
Eq. ([9]), their masses are about ^/2Kf where k is the coefficient introduced in the interaction 
Lagrangian, cf. Eq. ([8]), for generating a large mass to g_. (For simplicity, we have assumed 
a constant k value, independent of quark flavor and family.) While the typical cutoff scale of 
the effective theory is about 4:71 f, the mass of the T-odd S'f/(2)-doublet fermions is bounded 
from above due to the low energy constraint induced by the four-fermion contact interaction 
presented in Eq. ffTOl) . Hence, in our study the n value is required to be less than about 
3.4 for / about 1 TeV. Similar kind of constraints on the two parameters (Ai and A2) in the 
top quark sector are also discussed in Sec. II. The results are given in Eqs. f|T71) . f|T8|) and 
( I20I) . A detailed discussion on the J = 1 partial- wave amplitudes in the coupled system of 
{tt, T+TV, bb, WW, Zh) states, which are relevant to the top Yukawa coupling, is presented 
in Appendix B. Finally, we note that the T-parity symmetry is correctly implemented in our 
effective Lagrangian such that the [SU{2) x U{1)Y gauge symmetry is non-linearly realized 
in all sectors, including the bottom quark Yukawa interaction sector. (It differs from the 
model presented in Ref. |61] in which the similar sector is not gauge invariant.) 
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In Sec. Ill, we stress the importance of the T-odd SU{2) doublet fermion contributions to 
high energy processes. As an example, we discuss the high energy behavior of uu —>■ W^W^ 
through partial-wave analysis. To have a gauge-invariant amplitude, both types of FejTiman 
diagrams shown in Fig. [2] need to be included in order to satisfy unitarity condition in 
high energy collision. Furthermore, as shown in Sec. II, the mass of g_ is bounded from 
above by low energy data in this effective theory. Therefore, the decoupling limit of the 
T-odd fermions is not a realistic assumption and the T-odd fermion contribution generates 
important correction to uu W^W^ process, which has not been taken into account in 
the previous study j^l. 

Because the mass of the T-odd SU{2) doublet fermions cannot be too heavy, cf. Eq. (|TOl) . 
they can be copiously produced at the LHC. Therefore, in Sec. IV, we study the collider 
phenomenology of the LHT with emphasis on the contributions of the T-odd fermion to the 
production of the heavy T-parity partners (either bosons or fermions) at the LHC. Fig. [6] 
shows the production cross sections of the first and second generation heavy T-odd quarks. 
As shown, their cross sections are quite sizable at the LHC In Fig. U\ we show the similar 
plot for the third generation heavy T-odd and T-even quarks. As discussed in Sec. II, the 
LHT contains additional T-odd and T-even heavy quarks which are the T-parity partners 
of top quark. The T-even partner (T+) of top quark can be produced singly or in pairs. 
We also show in Fig. [8] the associate production cross section of T-odd fermions and T-odd 
gauge bosons. The associate production cross sections of T+ and weak gauge bosons are also 
shown in the same figure. In Fig. [9], we show the production cross sections of heavy T-odd 
gauge boson pairs. As an illustration, the dependence of the pp — > W^W^ production on 
the mass of T-odd fermion is given in Fig. [TOl For completeness, we also show the production 
rate of heavy T-odd Higgs bosons in Fig. [TTl though their production rates are generally 
small. 

Before we discuss the probable experimental signatures predicted by this model at the 
LHC, we presented typical decay branching channels of the T-parity partners in Table IIIII 
and Fig. [121 It turns out that the result of Table IIIII is not very sensitive to the choice 
of model parameters such as /, Ai, Sa and Mh for T-odd fermions. Similarly, Fig. [12] also 
presents a typical pattern of branching ratios for T-even heavy top-quark partner T+, though 
this pattern depends on the choice of model parameters such as Sa and Mh. 

Combining the information on the production cross section of heavy particles and their 
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decay branching ratios into particular decay channels, one can easily calculate production 
rates of events with certain experimental signature. Some of those results are shown in the 
remaining figures of the paper. 

We concluded in Sec. IV that the like-sign di-lepton signature of the 1st and 2nd gener- 
ation heavy T-odd quark pair production is the most useful channel to discover these new 
have quarks at the LHC Because the heavy T-odd gauge boson Zn almost always decays 
into a pair of Higgs boson H and T-odd photon An^ the production processes with Zn in the 
final state provide a new production mechanism for single-Higgs or Higgs-pair production. 
Their rates are presented in Figs. [15] and [161 respectively. 

We also provide for the first time the complete CalcHEP LHT model files including T-odd 
SU{2) doublet fermions, which is available at http://hep.pa.msu.edu/LHT/. 
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APPENDIX A: FEYNMAN RULES 



Most of the Feynman rules for the Littlest Higgs model with T-parity have been presented 
in Ref. and the references therein except for T-odd SU{2) doublet fermions. We agree 
with their results in the hep-ph arXiv version (v3) of Ref. after identifying T+ = — and 
T_ = —t'_ (their fields correspond to our T±). In this appendix, we list a few Feynman 
rules relevant to our analysis, especially those related to T-odd fermions. They are listed in 
Tables [IVHYD below. 
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We also provide for the first time the complete CalcHEP LHT model files including T-odd 
SU{2) doublet fermions which is available at http://hep.pa.msu.edu/LHT/. 

In Tables IV, V and VI, we have defined the following coefficients, sh (= sinOn) describes 
the degree of mixing between heavy neutral gauge bosons with sh — ^2~^^f2^ ^^'^ '^h = 
cosOh. Also, sl ^ and d = ^\ - s\. In addition, = ^ and = 

are the left-handed and right-handed projection operators, respectively. We note that in 
those tables we have suppressed the CKM matrix element dependence. For example, from 
Table VI, we can read out the coupling of W^ib to be Vtb{i^CL'y^PL) , after restoring the 
CKM matrix element Vtt derived from the interaction Lagrangian. In the above expression, 
the product of VtbCi, which is defined as V^/^ , should be identified with the CKM matrix 
element determined from the low energy processes (or from measuring the SM single-top 



direct production rate at the Tevatron or the LHC |27l . |28||). Thus, from Table VI, we 
read out the coupling of W~^T^b to be Vthii-^si'-^^PL), after restoring the CKM matrix 
element dependence, which can be rewritten as V^J ^ {i-^^^ f^Pi) ■ The coefficient of W~^Tj^b 
coupling V^^^^ ^ is approximately equal to V^/^sl up to v'g^/ p corrections, for s/, oc vsm/ f, 
cf. Eq. (US]). 



Interaction 


Feynman rule 


Interaction 


Feynman rule 


Ah^uu- 




VFr7 du^ 
Zn^dd- 
Anjd- 


^^,7,PL 
^{-'-^-'-^)i,Pl 
- '-^)i,Pl 



TABLE IV: Feynman rules for the 1st and 2nd generation T-odd fermion interaction with heavy 
gauge boson and SM fermion. 



APPENDIX B: UNITARITY BOUND FROM J = 1 PARTIAL WAVE 
AMPLITUDES IN THE COUPLED SYSTEM OF {tt, T+T+, bb, WW, Zh) STATES 

The amplitudes for tt —>■ ti, T^T^, bb, WW, and Zh processes and their inverse processes 
contribute to J = 1 partial wave amplitude matrix in this coupled system. The J = 1 
partial wave amplitudes are given by 

= ^l\cos9)dl^,{9)T,,,. (Bl) 

Here dj^^,{6) is the well-known Wigner d-function. For fermions, /i and fi' are defined by 
fj, = (A — A)/2 and fi' = (A' — A')/2, where A's are the helicities of the fermions: A (A) for 
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Interaction 


Feynman rule 


Interaction 


Feynman rule 


tb^ 

ZhJ+T. 

AH.tt. 


ii'-f- - '-^)cl1,Pl 
- '-^)'l1^.Pl 
^^g'sH7^J.{cLPL + crPr) 
- '-^^lI^Pl 
^(-^ - '-T^)sl1,Pl 
if;9'cH7ti{cLPL + crPr) 


W„ bt^ 

Zn.bb. 
ZhJT_ 

An.bb^ 
AH,tT_ 


^^,7,PL 

K-'-^-^h,PL 

-iy'sHlfiisLPL + srPr) 
-ilg'cHltiisLPh + srPr) 



TABLE V: Feynman rules for the 3rd generation T-odd fermion interaction with heavy gauge 
boson and SM fermion. 



Interaction 


Feynman rule 


Interaction 


Feynman rule 


W+ib 
Z^tt 
Z^f+T^ 


i^CL7f,PL 

^l^^.{ihci-hl,)P,-lsl,PR} 

^7t^.{iH-l^'w)PL-lsl.PR} 


Z^,tT+ 


i^SL-ff,PL 
''cw 2 



TABLE VI: Feynman rules for the SM gauge interaction with top sector. 



the initial state fermion (anti-fermion) and A' (A') for the final state fermion (anti- fermion), 
and for bosons, yU = 0. T^^i is a helicity amplitude with /i and /x'. 

Writing the channels in the order (T+)+(r_|_)_, W^W~ , hZ, t^i+ and the 

J = 1 partial wave amplitude matrix is given by 






-1 



-V2 
-V2R^ 









V 



R^ V2{1 + R^) 



-iV2R^ 



iV2il + R^) 




-1 
R^ 


iV2{l + R^) 





+1 

R^ 

v^(l + R^\ 






\ 



(B2) 

where R = A1/A2. Here we have assumed that the center-of-mass energy ^/s is much larger 
than masses of particles considered here, and only couplings in top sector are relevant, and 
gauge couplings and all other Yukawa couplings are taken to be zero. We have not shown 
explicitly the color indices in Eq. (1B2I) . however all color neutral channels should be taken 
into account. Thus the J = 1 partial wave amplitude matrix in this system is 14 x 14. Note 
that the parameter R is the only unknown parameter in Eq. (1B2p . and the absolute value 
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of the largest eigenvalue of the J = 1 partial wave amplitude matrix increases as R gets 
larger. The requirement that the absolute value of the largest eigenvalue be less than a half 
(kmaxi < 1/2) yields the upper bound on the parameter R as 

R < 3.3, (B3) 

for Mt = 175 GeV. In terms of s^, this bound corresponds to 

Sa < 0.96, (B4) 

since R = Sa/ca- Using the top-quark mass constraint, cf. Eq. f|T7|) . this bound generates a 
bound on Ai as 

Ai = < 2.5, (B5) 

for Mt = 175 GeV. 
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